ABSTRACT. Among the indirect methods applied to environmental monitoring, electrical resistivity has played an important role in accessing water flow in the nonsaturated zone of the soil and, consequently, aquifer recharge. This work evaluates the influence of some pedo-geomorphologic properties in the infiltration and percolation of water through the superficial soil horizons by means of multitemporal electrical resistivity sections. The experiments were carried out in two areas of distinct pedogeomorphological characteristics developed on the crystalline basement of southeastern Brazil. The first is situated in a hollow -shaped slope where lixisols predominate; the second, in a nose -shaped slope where well-developed soils (ferralsols ) predominate. The results proved the efficiency of the electrical resistivity method to delimit percolation of tropical soils, even when subtle differences are found in the hydraulic properties of the soil. It was also possible to establish that in the nose slope percolation is faster than in the hollow .
INTRODUCTION
With the growing of environmental issues, the awareness with the quality and availability of water has increased.
Among the indirect methods applied to environmental monitoring, electrical resistivity has played an important role in accessing the advance of contamination plumes in sanitary landfills, petrochemical complexes and cemeteries, among others (Lima et al., 1995; Depountis et al., 2005) . This method has also been applied to access water flow in the non-saturated zone of the soil (Daily et al., 1992; Park, 1998; Hagrey & Michaelsen, 1999; Mukhtar et al., 2000; Neves, 2002; Acworth et al., 2005) , once resistivity decreases as moisture or the content of dissolved solids in the interstitial water increases (Nascimento et al., 1999) .
According to Orellana (1972) , electrical resistivity is the specific resistance of a body to let electric current pass through it. This property is based on Ohm's law, which states that if the injected current (I), the voltage ( V) and the position of current injection and potential points (current and voltage electrodes respectively) are known, resistivity is calculated with the equation:
where, K is a geometric factor dependent on the spatial arrangement of current (AB) and voltage (MN) electrodes.
where, x is the spacing adopted for AB and MN dipoles; and n is a depth factor of the survey, and
It is assumed in Equation 1 that the electric currents are applied to homogeneous and isotropic terrains; in other words, whatever the electrode array, the electrodes are considered to be located in points of equal resistivity. However, this is not observed in nature; in fact, the values obtained represent an apparent resistivity (ρ a ) (Orellana, 1972) .
The main objective of this work is to evaluate the interference of some tropical soil properties in water percolation through superficial soil horizons by means of the electrical resistivity method. Morais & Bacellar's (2006) hypothesis is also tested, which states that percolation and, consequently, aquifer recharge in convex features is faster than in concave forms of the landscape.
PHYSIOGRAPHIC SETTING
The experiments took place in soils developed on the crystalline basement of the Quadrilátero Ferrífero (Bação Complex), between Ouro Preto and Belo Horizonte cities, central-southern Minas Gerais State (Fig. 1) . Two areas were selected, one close to the Dom Bosco High School (Dom Bosco station) and another in the vicinity of the Holanda creek (Holanda station). The amount of information on pedogenesis, geomorphologic evolution, geotechnical characteristics and soil conservation is large for these areas (Parzanese, 1991; Bacellar, 2000; Silva, 2000; Santos, 2001; Sobreira, 2000; Futai, 2002; Morais, 2003 Finely-banded gneisses of predominantly granodioritic composition occur in both areas (Dorr, 1969) . The weathering mantle is usually very thick, reaching up to 50 m. The relief is smooth, with hills and mounts up to 70-m high (Bacellar, 2000) . According to Hack & Goodlet's (1960) models, the Dom Bosco station area is constituted by a concave-shaped slope in plan and section views (hollow ), whereas the Holanda station area is convex-shaped in plan and section views (nose ).
The primary vegetation is dominated by savanna (campos cerrados ) replaced at present by very and moderately degraded pastures, respectively at the Holanda and Dom Bosco stations (Farias, 1992) .
Soil horizon B predominantly contains quartz, kaolinite and gibbsite (Parzanese, 1991; Morais & Bacellar, 2006) and secondarily goethite, illite, mica, silica and amorphous Al oxides and free Fe (Futai, 2002) . Horizon A is more enriched in organic matter.
In the less steep sectors of the landscape, well-developed soils (ferralsols ) occur, whereas in the geodynamically younger sectors lixisols and cambisols predominate (Parzanese, 1991; Bacellar, 2000) . For these reasons, ferralsols are more common in the Holanda station nose , whereas lixisols occur in the Dom Bosco station hollow , with a ca. Excepting the cambisols , the texture of the Holanda station soils are characteristically very fine, with clay contents >37%. At the Dom Bosco station, clay contents are less, excepting the points situated in the hollow external limit (Morais & Bacellar, 2006) , which show transition characteristics to ferralsols that occur in the noses .
Grain-size determinations carried out without the use of deflocculants yielded clay-free, sandy texture for these soils, due to the strong aggregation caused by Fe and Al oxy-hydroxides (Parzanese, 1991; Bacellar, 2000; Silva, 2000; Futai, 2002 , 2006) . In order to monitor infiltration and percolation, water saturated in NaCl was injected in each point using a 15 cm diameter cylinder under 30 cm hydraulic load (flooded condition). A total of 40 liters of saturated NaCl solution (∼0,05 ohm.m) were injected for a period of 24 hours, except at point DB27, where the soils are less permeable and only 20 liters could be injected during the same period.
Electrical resistivity surveys were carried out at these points using the continuous current meter TDC 1000-12R2A (Tectrol) with non-polarizable voltage electrodes. In each point, a 13-m line was delimited, with 1-m spacing between electrodes arranged according to dipole-dipole array, totaling 5 investigation levels (Fig. 2) . The saline solution injection point was located in the center of the line.
Before the injection of the saline solution, a preliminary survey was carried out at each point, in order to obtain electric resistivity values for natural conditions (background ) to be compared with the following surveys. After the injection of the solution, sections were obtained at certain time intervals, the first in the same day, one hour after the beginning of the injection, and the others 1, 8, 11 and 26 days later.
The apparent resistivity values obtained in the field were treated by means of the software RES2DINV , which transforms in quantitative data the qualitative positioning supplied by the pseudo-depth sections. Such transformation corresponds to mathematical inversions resultant from the application of the minimum-square smoothing method (Loke & Barker, 1996) . According to Samouëlian et al. (2003) , inversion takes place in three stages: firstly, the field data constitute a pseudo-section; secondly, the data are calculated, and thirdly, adjustments are made between the measures and calculated data in order to reduce the differences between them, yielding a result closer to real (Fig. 3) . The calculation of these differences is by root mean square error (RMS error, Eq. 4).
R M S E
where: ρc is the calculated apparent resistivity; ρm is the measured resistivity; n is the number of points surveyed. Loke & Barker (1996) showed that from five iterations the error percentage tends to stabilize; therefore, the data were inverted with seven 7 iterations.
RESULTS AND DISCUSSION
Figures 4 and 5 represent the sections with the resistivity inversion models for the points of the Dom Bosco and Holanda stations, respectively.
The resistivity values, measured before injection of the saline solution, define the background intervals between 21-9,931; 482-1,628; 122-16,100 and 3,796-11,181 .m. for the profiles centered at points DB10, DB27, H3 and H18, respectively (Figs. 4 and 5). Thus, lower values in the following surveys would represent anomalies associated with the presence of saline solution.
Point DB27 (Fig. 4) exhibits lower resistivity values, due to its position inside the hollow , which is a more humid area subject to a natural convergence of superficial and sub-superficial flows (Coelho Netto, 1998) . The low resistivity values (350-658 .m) at the fifth survey level correspond to a less deep water table at this point. Values higher than 1,528 .m between the second and the forth levels can be attributed to the less porous, less permeable soil horizon (textural B horizon ), starting at a 0.6-m depth (Morais & Bacellar, 2006) .
The highest resistivity values (5,738-21,000 .m) found from the third survey level at point H03 are explained by the considerable abundance of rock fragments in the cambic horizon or by underlying altered rock crosscut by fractures. These electric resistivity values agree with those typical of gneisses, which vary from 6.8 × 10 4 to 3.0 × 10 6 .m, depending on the moisture content (Telford et al., 1990) . Bacellar (2000), on the other hand, related resistivity values less than 6,000 .m to the saprolites of the area, while higher values were associated with fresh rock.
The values obtained for the salt-saturated area are those found between the electrodes 6 and 7 m of the sections, with apparent resistivity values of < 1,500; < 1,003; < 2,416 and < 3,266 .m for points DB10, DB27, H03 and H18 respectively (Figs. 4 and 5) . The saline solution plume is easily dis- tinguishable from the second day on, at points DB10, H03 and H18, and on the 9th day at point DB27.
From the low resistivity values corresponding to the percolation of the saline solution, it is possible to observe that the vertical flow was faster at the Holanda station soils than in those of the Dom Bosco station (Figs. 4 and 5) . These variations corroborate and reinforce Morais & Bacellar's (2006) hypothesis, which states that in the hollows (Dom Bosco station) percolation is slower than in the noses (Holanda station), due to lower hydraulic conductivity values of the superficial horizons.
The vertical flow velocity at point H03 was higher (Fig. 5 ), which is explained by the high hydraulic conductivity values in the cambic horizon . At point H18 the vertical flow velocity was smaller, despite a significant oblique flow (between electrodes 4 and 6, after the 2nd day of the experiment - Fig. 5 ). At point DB10 the vertical flow velocity was even lower. Although not as evident as at point H18, a reduction of the resistivity oblique to the injection point (between electrodes 3 and 6 and 7 and 10, after the 2nd day of the experiment - Fig. 5 ) was also observed. In the trenches dug after the experiments, it was verified that this oblique flow could have followed cavities made by ants and termites. It is worth mentioning that the soils of points DB10 and H18 have high clay contents (Morais & Bacellar, 2006) , thus keeping these cavities open by cohesion.
Comparisons with point DB27 are more difficult, because at this point half of the volume of saline solution was introduced, due to the lower hydraulic conductivity of the soils. It is verified, however, that the rate between the width of the lateral flow and the depth of the vertical flow is lower at this point than in other points, which agrees with the more impermeable textural B horizon at ca. 60 cm. Therefore for this point located inside the hollow , the possibility of generation of shallow sub-superficial flows is higher.
As in other studies (Hagrey & Michaelsen, 1999; Neves, 2002) , in this work the electrical resistivity method proved efficient for studies of the water flow in vadose zones. It is worth stressing out that, due to the small number of electrodes available, the electrodes were removed after each experiment and replaced at the same site for the next survey. This procedure did not interfere with the results obtained.
CONCLUSIONS
With the objective of evaluating infiltration and percolation in superficial soil horizons, multitemporal electric resistivity sections were obtained for each point of both study areas.
The electrical resistivity method proved efficient to evaluate flows in the non-saturated zone of tropical soils of the study areas The presence of macropores of biologic origin significantly influences percolation. Previous results that showed that percolation is faster in more developed soils of the nose than in those of the hollow were also confirmed, which would make these areas more favorable for aquifer recharge.
